Corticospinal motor neurons (CSMN) receive, integrate, and relay cerebral cortex's input toward spinal targets to initiate and modulate voluntary movement. CSMN degeneration is central for numerous motor neuron disorders and neurodegenerative diseases. Previously, 5 patients with mutations in the ubiquitin carboxy-terminal hydrolase-L1 (UCHL1) gene were reported to have neurodegeneration and motor neuron dysfunction with upper motor neuron involvement. To investigate the role of UCHL1 on CSMN health and stability, we used both in vivo and in vitro approaches, and took advantage of the Uchl1 nm3419 (UCHL1 −/− ) mice, which lack all UCHL1 function. We report a unique role of UCHL1 in maintaining CSMN viability and cellular integrity. CSMN show early, selective, progressive, and profound cell loss in the absence of UCHL1. CSMN degeneration, evident even at presymptomatic stages by disintegration of the apical dendrite and spine loss, is mediated via increased ER stress. These findings bring a novel understanding to the basis of CSMN vulnerability, and suggest UCHL1 −/− mice as a tool to study CSMN pathology.
Introduction
Corticospinal motor neurons (CSMN) are exceptional in their ability to receive, integrate, translate, and transmit information from the cerebral cortex to spinal cord targets (Molyneaux, Arlotta, Macklis 2007; Molyneaux Arlotta, Menezes et al. 2007; Greig et al. 2013) . They are the cortical component of motor neuron circuitry that initiates and modulates very precise aspects of voluntary movement (Alstermark and Isa 2012) . Execution of such complicated tasks emphasizes the importance of corticospinal motor neuron (CSMN) health and stability for proper motor neuron circuitry. Their degeneration, therefore, has significant impact on various neurodegenerative diseases in which voluntary movement is impaired, such as amyotrophic lateral sclerosis (ALS) and Parkinson's disease (PD; Novarino et al. 2014) .
Identification of mutations in the ubiquitin carboxy-terminal hydrolase-L1 (UCHL1) gene of 2 patients with a PD-like phenotype (Leroy et al. 1998) , and a recent clinical report describing 3 siblings with progressive and early neurodegeneration, and upper motor neuron dysfunction (Bilguvar et al. 2013 ) sparked interest in the potential importance of UCHL1 function in a spectrum of neurodegenerative diseases, especially those that affect voluntary movement and motor neuron circuitry.
UCHL1 is a unique deubiquitinating enzyme that has both hydrolase and ligase activities: It can remove ubiquitin from poly-ubiquitin chains (Osaka et al. 2003) , and also add ubiquitin to already ubiquitinylated proteins (Liu et al. 2002) . Since inhibition of UCHL1 results in a 50% reduction of free ubiquitin in vitro (Leroy et al. 1998; Cartier et al. 2009 ), UCHL1 was suggested to be critically important for maintaining free ubiquitin levels and for the proper function of the ubiquitin-proteasome system in neurons (Day and Thompson 2010) . Abnormalities in protein homeostasis have been implicated in motor neuron diseases (Nishimura et al. 2004; Petrucelli and Dawson 2004; Johnson et al. 2010; Deng et al. 2011; Rubino et al. 2012) , but the impact of a dysfunctional UCHL1 on the health and stability of motor neurons, especially upper motor neurons, remains poorly understood.
To reveal the potential link between UCHL1 function and especially the cortical component of the motor neuron circuitry, we investigated CSMN health in Uchl1 nm3419 (UCHL1 −/− ) mice, which lack all UCHL1 function (Walters et al. 2008) , and display motor function defects. Using retrograde labeling, molecular marker expression analysis, and adeno-associated virus (AAV)-mediated anterograde and retrograde transduction, we demonstrate early, selective, progressive, and profound CSMN degeneration in the absence of UCHL1 function. Other projection neurons in the motor cortex, such as callosal projection neurons (CPN), are not affected. Vulnerable CSMN display cellular abnormalities with vacuolated apical dendrites and spine loss, as early as postnatal day (P) 60, and their degeneration is linked to increased ER stress both in vivo and in vitro. Our findings begin to reveal a unique importance of UCHL1 function for CSMN health, and suggest that UCHL1
−/− mice can be used as a tool to study the underlying mechanisms for CSMN dysfunction in diseases with prominent upper motor neuron involvement.
Materials and Methods

Mice
All animal procedures were approved by Northwestern University and the Massachusetts General Hospital-Harvard Medical School Animal Care and Use Committee, and conformed to the standards of the National Institutes of Health. Uchl1
) mice carry a spontaneous 795-bp intragenic deletion that results in the removal of 24 bp of exon 6 and 771 bp of intron 6 ( Fig. 1A ; Walters et al. 2008 
Postmortem Human Brain Samples
Acquisition of postmortem human tissue was carried out according to protocols approved by an institutional review board, and clinical records were available for every subject. Two control (A12-105, 52-year-old male and A12-106, 58-year-old female) cases were made available by the University of Chicago, IL, USA. A neurologist examined all human subjects and a neuropathologist reviewed autopsy tissue. Control case A12-105: 52-year-old male with a history of coronary artery disease, heart failure, morbid obesity, and implanted defibrillator who died of cardiac decompensation. Control case A12-106: 58-yearold female with pulmonary hypertension, scleroderma, and Raynaud's disease who died of cardiorespiratory failure. Brains were fixed in 20% neutral-buffered formalin for 1 week, and sections were paraffin-embedded. Areas of the primary motor cortex were retrieved; 4-μm thick serial sections were cut and used for immunocytochemical analyses.
Rotarod Analysis, DigiGait, and Grip Test
Fore and hind limbs of WT and UCHL1 −/− mice were painted with red and black paints, respectively, prior to walking on white paper in an enclosed area. A rotating rod that accelerates linearly from 4 to 40 rpm (Rotarod, Ugo Basile) was used and an average time spent on the rotating rod for 3 consecutive trials was calculated for maximum 5 min. Gait analysis was performed as previously described (Gogliotti et al. 2011 ) using an enclosed DigiGait Imaging system (Mouse Specifics, Quincy, MA, USA). A transparent treadmill was adjusted to 17 cm/s. Swing and stride parameters were determined from a 5-s video. Time each mouse spent hanging on to an upside-down wire mesh (50 cm above a bench) was recorded in 3 consecutive trials, for Grip testing.
Generation of AAV
AAV vectors were generated by the University of Pennsylvania Vector Core facility by triple transfection of subconfluent HEK293 cells using 3 plasmids: an AAV trans-plasmid encoding AAV2 capsid, an adenovirus helper plasmid pΔF6, and an AAV cis-shuttle plasmid expressing eGFP driven by a CMV promoter ( pENN.AAV.CMV.PI.eGFP .WPRE.bGH). The culture medium was collected, concentrated by tangential flow filtration, and purified by iodixanol gradient ultracentrifugation as previously described (Lock et al. 2010 ).
Anterograde and Retrograde Labeling and Transduction Surgeries
Surgeries were performed on a stereotaxic platform. Microinjections were performed using pulled-beveled glass micropipettes attached to a nanojector (Drummond Scientific, Broomall, PA, USA).
CSMN Retrograde Labeling and Transduction
CSMN were retrogradely labeled either by injection of fluorescent microspheres (LumaFluor, Inc., Naples, FL, USA; ∼97 nL for P2, and ∼207 nL for P38 injections), or by 0.5% Fluoro-Gold (FG; Fluorochrome LLC, Denver, CO, USA; 96 nL in 0.9% saline solution) at P30 (Ozdinler et al. 2011; Jara et al. 2012 ). Mice were sacrificed either at P40, P65, P80, or P100 (n = 3). To study CSMN cytoarchitecture, AAV-encoding eGFP (AAV2-eGFP; 621 nL containing 1.16 × 10 9 viral particles) was injected into the CST and CSMN were retrogradely transduced (n = 3) as described (Jara et al. 2012) . were injected (10 injections, total 621 nL/mouse). Surgeries were performed at P30, and mice were sacrificed at P60 (n = 3).
CSMN Anterograde Labeling
CPN Retrograde Labeling
To retrogradely label CPN in the contralateral hemisphere, a craniotomy of approximately 5 mm 2 (coordinates = +0.5 mm anterior-posterior; 1.5 mm mediolateral) was performed into the left hemisphere using microdrill (Fine Science Tools, Foster City, CA, USA). About 64 nL of 0.5% FG in 0.9% saline solution was injected (10 injections/mouse). Surgeries were performed at P30, and mice were sacrificed at P100 (n = 3).
Tissue Collection and Histology
Mice were deeply anesthetized with ketamine (90 mg/kg) and xylazine (10 mg/kg), and perfused with 4% PFA in PBS. The brain was removed intact from each mouse, post-fixed by 4% PFA mice at P20 (n = 6 and 6), P40 (n = 14 and 10), P65 (n = 10 and 8), P80 (n = 7 and 9), and P100 (n = 7 and 9). (G) Gait parameter analysis for stride and swing in WT (n = 12) and UCHL1 −/− (n = 15) mice at P40 and P65. (H) Quantitative analysis of Grip test in WT and UCHL1 −/− mice at P20 (n = 6 and 6), P40 (n = 7 and 12), P65 (n = 7 and 12), P80 (n = 4 and 6), and P100 (n = 3 and 5). Bar graphs represent mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; one-way ANOVA with post hoc Tukey's multiple comparison test. Scale bar, 50 μm.
overnight, and kept in PBS-sodium azide (0.01%) at 4°C. Brains were sectioned (coronal; 50 μm) using a vibrating microtome (VT1000S, Leica Instruments, Nussloch, Germany). Nissl and hematoxylin-eosin (H&E) staining were performed. Optic nerves were embedded in resin and semi-thin sections were stained with toluidine blue.
Western Blot
Brains and spinal cords were isolated from WT and UCHL1
−/− mice at P40 and P100. Protein lysates from primary motor cortex as well as from cervical and lumbar spinal cord were obtained, resolved by 10% SDS-PAGE, and transferred onto a PVDF membrane (Bio-Rad, Hercules, CA, USA) as previously described (Jara et al. 2007 ). Blots were incubated with primary antibodies overnight at 4°C and developed by enhanced chemiluminescence (Millipore, Temecula, CA, USA) using HRP-conjugated secondary antibodies.
Immunocytochemistry and In Situ Hybridization
Immunocytochemistry was performed on every 12th coronal section of mouse brains. Antigen retrieval was performed for Ctip2, PERK, and PDI immunocytochemistry; sections were treated with 0.01 M sodium citrate, pH 9.0, at 80°C water bath for 3 h prior to incubation with primary antibody. After PBS washes, either fluorescent-conjugated (Alexa 488, Cy3) or biotinylated secondary antibodies (Vector Laboratories, Burlingame, CA, USA) were used. For ER stress analysis on CSMN, PERK and PDI expression were studied on neurons that express Ctip2 (developed with alkaline phosphatase-conjugated secondary antibody and AP substrate Kit II; Vector Laboratories, Inc., Burlingame, CA, USA). Biotinylated secondary antibodies, ABC Kit (Vector Laboratories, Inc.), and NovaRED substrate (Vector Laboratories, Inc.) were used to determine PDI and PERK expression, as directed by the manufacturer.
Primary antibodies were: anti-Ctip2 (1 : 500; Abcam); anti-FG (1 : 1000; Fluorochrome, LLC); anti-GFP (1 : 1000; Invitrogen); antiLmo4 (1 : 500; Millipore); anti-NeuN (1 : 1000; Millipore); anti-PERK (1 : 1000; Cell Signaling Technology); anti-PDI (1 : 1000; Cell Signaling Technology); anti-ubiquitinylated proteins (1 : 1000; clone FK1; Millipore), and anti-UCHL1 (1 : 1000; ProteinTech).
For in situ hybridization, Crym and Fezf2 cRNAs were digoxigenin-labeled, and all probes were alkali hydrolyzed to an average length of 250-500 bp. Serial frozen sections (16 μm) were collected on slides, post-fixed with 4% PFA, rinsed in PBS, submerged in hybridization buffer containing a probe (100 ng/mL), and hybridized overnight at 68°C. Sense probes were used as negative controls in all experiments and in situ hybridization was performed as previously described (Arlotta et al. 2005) .
Tissue Culture P2 motor cortices were dissected, dissociated, and cultured on glass coverslips (4.44 × 10 4 cells per 18 mm diameter coverslip, Fisherbrand) coated with poly--lysine (10 mg/mL, Sigma). Neurons were cultured in serum-free medium [SFM; 0.034 mg/L BSA, 1 mM -glutamine, 25 U/mL penicillin, 0.025 mg/mL streptomycin, 35 mM glucose, and 0.5% B27 in Neurobasal-A medium (Life Technologies)] in a humidified tissue culture incubator in the presence of 5% CO 2 at 37°C. To induce ER stress, Tunicamycin (Sigma-Aldrich; 100 μM) or proteasome inhibitor Bortezomib (Santa Cruz Biotechnology; 100 nM) was added directly into culture medium after 1 day in vitro (DIV). Guanabenz (Sigma-Aldrich; 100 μM) was added at 1DIV to reduce ER stress. Dissociated cortical neurons were fixed prior to treatment, after 3 h and after 10 h of treatment to assess the levels of PERK and PDI and the changes in survival of CSMN and other cortical neurons. Percent survival was determined upon application of ethidium homodimer (EtHom; Invitrogen; 2 μM), the dead cell indicator, for 30 min prior to fixation (2% PFA, 15 min RT).
CSMN were identified based on their Ctip2 expression and large soma size. Ctip2/PERK and Ctip2/PDI co-expression analyses were performed in a serial staining protocol in which cells were stained with PERK or PDI antibody first, using an alkaline phosphatase-conjugated secondary antibody and AP Substrate Kit III (Vector Laboratories, Inc.), followed by Ctip2 immunocytochemistry using a biotinylated secondary antibody and ABC kit with NovaRED substrate (Vector Laboratories, Inc.). To determine percent CSMN survival, Ctip2 immunocytochemistry was performed on cultures treated with EtHom.
System Analysis
Proteins that are reported to have direct interactions with UCHL1 were determined using curated information generated from published data sets [Ingenuity Pathway Analysis (IPA); QIAGEN Comp, LA, USA] by setting stringent criterion that included only the experimental findings and excluded data generated from non-neuronal cell lines. Hits were individually subjected to confirmation and upon verification of relevance were included. The data set was used to determine the canonical pathways and the cellular networks.
Imaging, Quantification, and Statistical Analysis
Nikon SMZ1500 and Nikon Eclipse TE2000-E fluorescence microscopes equipped with Intensilight C-HGFI (Nikon, Inc.) were used. Epifluorescence images were acquired using a Digital Sight DSQi1MC CCD camera (Nikon, Inc.) and light images were acquired using a Ds-Fi1 camera (Nikon, Inc.). Confocal images were collected using a Zeiss 510 Meta confocal microscope (Carl Zeiss, Inc.).
For behavioral tests, including Rotarod, Gait, and Grip test, statistical differences were determined by one-way ANOVA with post hoc Tukey's multiple comparison parametric tests.
For quantification of CSMN soma diameter, progressive CSMN degeneration, percent PERK expression in Ctip2 + neurons, and percent PDI expression in Ctip2 + neurons, 2 well-defined sections spanning the motor cortex (Section 1: Bregma 0.38 mm, interaural 4.18 mm; Section 2: Bregma −0.34 mm; interaural 3.46 mm; Paxinos and Franklin 2001) were used per mouse. Numbers and diameters of CSMN were determined in WT and UCHL1 −/− mice at P40, P65, P80, and P100. CSMN numbers were counted and averaged (2 sections/per mouse; n = 3). Average CSMN diameter (at least 100 neurons/mouse; n = 3) was measured using the Elements Software (Nikon, Inc., Melville, NY, USA).
To determine the percentage of Ctip2 + neurons that express PERK and PDI, the total numbers of Ctip2 + neurons in layer V of the motor cortex (CSMN) were counted in WT and UCHL1
−/− mice at P40, P65, P80, and P100 (n = 3). The Ctip2 + neurons that co-express PERK and PDI were quantified. Statistical differences between WT and UCHL1 −/− mice were determined by one-way ANOVA with post hoc Tukey's multiple comparison parametric test.
The presence of total PERK and PDI in CSMN (determined by Ctip2 expression and large soma size) and other cortical neurons were determined by co-immunocytochemistry analysis in vitro using both WT and UCHL1 −/− mice. Results were presented as the percent PERK and PDI expression in CSMN and other cortical neurons in the presence of compounds that either enhance (i.e. Tunicamycin and Bortezomib) or reduce (Guanabenz) ER stress. In addition, the percent survival of CSMN and other cortical neurons were quantified using EtHom exclusion. Statistical differences between compound treatments, and survival experiments in WT and UCHL1 −/− mice, were determined by the unpaired t-test. For CSMN spine density measurements, a 50-μm segment of apical dendrites (in layer II/III, in the primary apical dendrite) and basal dendrites (in layer V, separated by 30 μm from the soma) were selected and the total numbers of spines were counted (10 segments/mouse; n = 3). Statistical differences were determined by the unpaired t-test.
All statistical analyses were performed using the Prism software (version 5.0a; Graphpad Software, Inc., La Jolla, CA, USA). Statistically significant differences were determined after either one-way ANOVA with post hoc Tukey's multiple comparison tests or t-test. Statistically significant differences were considered at P < 0.05, and values were expressed as the mean ± SEM.
Results
UCHL1 −/− Mice Display Motor Function Defects
To bring an insight on the potential involvement of UCHL1, especially for upper motor neuron biology, we developed a multidisciplinary approach and took advantage of Uchl1 nm3419 (UCHL1 −/− ) mice, which lack all UCHL1 activity (Walters et al. 2008) , and display prominent motor function defects (Fig. 1) . UCHL1 −/− mice lack part of exon 6 and the intronic sequence between exons 6 and 7 of the Uchl1 gene due to a spontaneous intragenic deletion (Fig. 1A) . This mutation results in the creation of a premature stop codon (denoted by "asterisk" in Fig. 1A ) resulting in elimination of the transcript. Therefore, functional UCHL1 protein is not detected in UCHL1 −/− mice brain ( Fig. 1B,C ; Walters et al. 2008) . UCHL1 −/− mice are born at the expected Mendelian ratio, and do not display any phenotypic differences or functional defects at birth and during early development. Heterozygous mice (UCHL1 +/− ) are viable, fertile with no signs of motor impairment at any age.
DigiGait analysis shows signs of gait impairment by P65: stride (fore limb: WT, 0.34 ± 0.01 s, n = 6; UCHL1 −/− , 0.29 ± 0.01 s, n = 7; hind limb: WT, 0.34 ± 0.01 s, n = 6; UCHL1 −/− , 0.29 ± 0.01 s, n = 7; P < 0.05, Fig. 1G ) and swing (fore limb: WT, 0.14 ± 0.01 s, n = 6; UCHL1 −/− , 0.11 ± 0.05 s, n = 7; hind limb: WT, 0.14 ± 0.01 s, n = 6; UCHL1 −/− , 0.11 ± 0.01 s, n = 7; P < 0.05). Unlike WT mice, gait parameters of UCHL1 −/− mice do not improve with age (Fig. 1G ). Although UCHL1 −/− pups are similar to their WT littermates at birth and show comparable growth, by P100 all UCHL1 −/− mice display profound motor dysfunction (Fig. 1D ). There was no difference at P20, but by P40 and onwards hind limb stiffness accompanied with clasping was observed when held upside-down ( Fig. 1E ; Supplementary Movie 1). UCHL1 −/− mice spent progressively less time on the accelerating rotating rod (WT, 4.6 ± 0.1 min, n = 14; UCHL1 −/− , 2.8 ± 0.3 min, n = 10; P < 0.001; Fig. 1F ). In addition, UCHL1 −/− mice gradually lose their ability to hold on to an inverted wire grid (WT, 60 s, n = 4; UCHL1
, 27 ± 5 s, n = 6; P < 0.05; Fig. 1H ). Even though DigiGait results may suggest the lack of proper gait development, both Rotarod and Grip tests reveal a progressive decline in their motor function with age. These defects are observed with 100% penetrance in the UCHL1 −/− mice, and the timing of the progressive motor function defect is comparable among mice and litters. However, both the optic nerve and the cerebellum appear normal, with no signs of apparent degeneration in the UCHL1 −/− mice (Supplementary Fig. 1 Fig. 2A-D) , and initial studies reported high levels of UCHL1 in the cerebral cortex Thompson 1987, 2010) . In addition, UCHL1 was primarily present in Betz cells of postmortem human brain samples (control cases, n = 2; A12-105 and A12-106; Supplementary Fig. 2E ).
Since CSMN have a unique function for the initiation and modulation of voluntary movement, we next investigated whether CSMN are affected in UCHL1 −/− mice. WT and UCHL1 −/− motor cortices were comparable with Nissl staining ( Fig. 2A,B ) and NeuN expression (Fig. 2C,D) . Likewise, expression of Lmo4, a molecular marker for CPN (Arlotta et al. 2005) , did not show any difference (Fig. 2E,F) . However, the expression of Ctip2 (Fig. 2G,H) , Crym (Fig. 2I,J) , and Fezf2 (Fig. 2K,L) , -molecular markers of CSMN in layer V of the motor cortex, and subcerebral projection neuron (SCPN) outside of motor cortex (Arlotta et al. 2005) , were reduced at P100, suggesting CSMN degeneration.
To differentiate between cellular degeneration of CSMN and a mere reduction in molecular marker expression, we performed 2 different retrograde labeling experiments (Fig. 3A,B) . CSMN were labeled with FG at P30 (Fig. 3A) . Their numbers and soma diameter were qualitatively (Fig. 3C,D) and quantitatively (Fig. 3E,F) analyzed at P40, P65, P80, and P100. CSMN morphology, soma diameter, and numbers were similar between WT and UCHL1 −/− mice at P40 (Fig. 3C-F) . However, by P65, soma diameter (WT, 17.1 ± 0.2 μm; UCHL1 −/− , 14.4 ± 0.1 μm, n = 3; P < 0.001, Fig. 3E ) and CSMN numbers (WT, 103 ± 3 neurons; UCHL1 −/− , 71 ± 2 neurons, n = 3; P < 0.01, Fig. 3F ) were significantly different. By P100, there was 88 ± 2% reduction in average CSMN numbers in the UCHL1 −/− mice (Fig. 3F ). The remaining CSMN had an approximately 50% reduction in soma diameter (Fig. 3E ) and displayed the absence of a prominent apical dendrite (Fig. 3D ). CPN were retrogradely labeled by contralateral injection of FG at P30, and analyzed at P100 to investigate whether degeneration is restricted to CSMN (Fig. 3B ). CPN were comparable between WT and UCHL1 −/− mice at P100 (Fig. 3G,H) , suggesting that vulnerability is not common to all neurons in the motor cortex.
UCHL1 Function Is Important for the Maintenance of Cytoarchitectural Stability and Protein Homeostasis
To better understand the link between the absence of UCHL1 function and CSMN vulnerability, and to determine the cellular events that would be primarily affected in the absence of UCHL1 function, a system approach was taken. The list of proteins that directly interact with UCHL1 (n = 49) were determined based on a stringent data selection paradigm using IPA. Investigation of the canonical pathways these UCHL1-interacting proteins shared in common, and the molecular networks they activate suggested involvement of UCHL1 primarily with organization of cytoskeleton (n = 21), ubiquitination of proteins (n = 12), and microtubule dynamics (n = 18), apoptosis (n = 29), degradation of proteins (n = 12), and cellular homeostasis (n = 19). Among functions and diseases, movement disorders (n = 18), motor dysfunction (n = 8), and neuromuscular disease (n = 15)
were the most prominent. This protein interaction network suggested the potential importance of UCHL1 function in 2 important cellular events: Maintenance of cellular architecture (cytoarchitecture) and protein homeostasis ( Supplementary  Fig. 3 ). 
Vulnerable CSMN Exhibit Spine Loss with Apical Dendrite Degeneration That Is Not Secondary to CST Defects
To investigate how the absence of UCHL1 function affects cytoarchitecture of CSMN at the soma, apical, and basal dendrites, CSMN were retrogradely transduced with AAV2-2 eGFP (Fig. 4A) . AAV transduction did not cause pathological changes, but revealed the details of cytoarchitecture of both WT and UCHL1 −/− CSMN (Fig. 4D-O) . Transduced WT CSMN exhibited the morphology of healthy CSMN, with large pyramidal cell bodies, prominent apical dendrites, and spines throughout the dendrites, mostly in layers II/III (Fig. 4D,F-I ; Jara et al. 2012) . In striking contrast, CSMN of UCHL1 −/− mice displayed massive disintegration with profound vacuolization and breakdown of cell membrane especially along the apical dendrites (Fig. 4E ,J-O; UCHL1
−/− , 42 ± 4%, n = 167 apical dendrites, n = 3; P < 0.01; and WT, 7%, n = 281 apical dendrites, n = 3). UCHL1 −/− mice had a significant reduction in the numbers of spines throughout the apical (WT, 3.9 ± 0.3; UCHL1 −/− , 1.7 ± 0.2; n = 3; P < 0.05, Fig. 4B ), but not basal, dendrites (WT, 3.3 ± 0.1; UCHL1 −/− , 2.5 ± 0.4; n = 3, Fig. 4C ).
Progressive axonal degeneration is suggested as a potential mechanism for CSMN degeneration (Miura et al. 1993; Eisen and Weber 2001; Fischer et al. 2004; Morfini et al. 2013 ). To investigate if CST defects occur prior to apical dendrite degeneration, and to visualize CST axon fibers, AAV-eGFP was directly injected into the motor cortex (Fig. 5) . Large projection neurons were transduced in the motor cortex at P30 and the axons of SCPN of WT and UCHL1 −/− mice (n = 3; Fig. 5A ) were examined by eGFP expression at the cervical (Fig. 5D) , thoracic (Fig. 5E ), and lumbar ( Fig. 5F ) sections of the spinal cord at P60, -when CSMN numbers and soma diameter showed a significant reduction- (Fig. 3E,F) . Unilateral injection into the cerebral cortex demonstrated the presence of axons on the left side of the CST in both cervical and lumbar sections of the spinal cord, and further revealed detailed axon morphology, especially on axons that branch and project toward the spinal cord targets (boxed areas enlarged in Fig. 5D 0 ,F 0 ). Axon bundles were observed within the dorsal funiculus with branching toward the anterior and ventral horn (Fig. 5D,F) , and they were comparable between WT and UCHL1 −/− mice at all levels of the spinal cord. Subtle enlargements along the branches were observed, and in the pons area a subset of axons showed "beads on a string" appearance (UCHL1 −/− , 40 ± 6%, n = 114 axons, n = 4; WT, 17 ± 7%, n = 144 axons, n = 4; P < 0.005, Fig. 5B ). These results reveal the lack of massive axonal degeneration along the CST at P60, and suggest that apical dendrite defects and spine loss are not secondary to CST degeneration.
ER Stress Is Increased in CSMN of UCHL1 −/− Mice
Since UCHL1 is implicated in determining the levels of free ubiquitin, and is important for maintaining protein homeostasis in the cell, we investigated ER stress in CSMN of UCHL1 −/− mice. Ubiquitinylated proteins were increased in the motor cortex of UCHL1 −/− mice at P100 (Fig. 6A,B) . However, PDI, and other markers of ER stress, such as CHOP, BIP, and ATF4, failed to reveal differences between total lysates from motor cortices of WT and UCHL1 −/− mice ( Supplementary Fig. 4A,B) . This could be due to selective increase in a subset of neuron population that cannot be detected when cortical homogenate is used. To investigate if ER stress is specifically increased in CSMN, 2 lines of experiments were performed. First, CSMN were retrogradely labeled with FG. The expression profile of PERK, a major ER stress sensor upregulated upon accumulation of ubiquitinylated and misfolded proteins (Walter and Ron 2011) , was studied in retrogradely labeled CSMN ( Supplementary Fig. 4C-I) . Secondly, Ctip2 expression was used as a marker for CSMN in the motor cortex. PERK (WT, 33% ± 2; UCHL1 −/− , 47% ± 4; n = 2) and PDI (WT, 30% ± 7; UCHL1 −/− , 45% ± 4; n = 2) immunoreactivity were present especially in FG-labeled CSMN by P65. Even though total numbers of CSMN −/− , 21.8% ± 2,4; n = 3; P < 0.05; Fig. 6E ), and continued to increase with age only in the UCHL1 −/− mice. Similarly, PDI expression (red; Fig. 6D ) was significantly higher in CSMN of UCHL1 −/− mice by P65 (WT, 22.7% ± 0.3; UCHL1 −/− , 35.6% ± 1.4; n = 3; P < 0.01; Fig. 6F ) and remains significantly higher at older ages (P100 WT, 14.5% ± 1; UCHL1 −/− , 39.9% ± 1; n = 3; P < 0.001; Fig. 6F ). Albeit total numbers of CSMN reduce with age, the increase in the percentage of CSMN with PERK and PDI suggests a strong correlation between increased ER stress and progressive CSMN degeneration in the UCHL1 −/− mice.
CSMN Are Vulnerable to Increased ER Stress
To investigate whether UCHL1 −/− CSMN is more vulnerable to increased ER stress, dissociated cortical cultures were established from WT and UCHL1 −/− mice at P2-P3. CSMN were identified among other cortical neurons by Ctip2 expression ( Fig. 7A-E ; red color in the nucleus) and their large soma size ( Fig. 7C-E ; black arrowheads).
In the first set of experiments, dissociated mixed cultures of WT neurons were exposed to 2 different compounds that increase ER stress via different mechanisms. Tunicamycin blocks N-glycosylation of all proteins and induces ER stress (Olden et al. 1979) , whereas Bortezomib induces ER stress by blocking the catalytic domain of the 26S-proteosome (Bonvini et al. 2007; Tuffy et al. 2010 ). In the second set of experiments, the ER stress was reduced in the dissociated mixed cortical cultures isolated from UCHL1 −/− mice by the application of Guanabenz, which enhances the PERK pathway by selectively inhibiting GADD34-mediated dephosphorylation of eIF2α (100 μM; Tsaytler et al. 2011; Vaccaro et al. 2013; Wang et al. 2014) . The links between the levels of ER stress, presence of total PERK, PDI, and the percent survival of CSMN in comparison with other cortical neurons were assayed based on selection criteria of PERK, PDI, and Ctip2 expression. Ctip2 expression was restricted to the nucleus (red) and both PERK and PDI were detected in the cell body (blue; Fig. 7A ).
In control conditions, both CSMN and other cortical neurons expressed low levels of PERK (CSMN: 25 ± 3%, n = 237 neurons, n = 3; other neurons: 24 ± 5%, n = 134 neurons, n = 3; Fig. 7C,G) and PDI (CSMN, 15 ± 1%, n = 251 neurons, n = 3; other neurons, 17 ± 3%, n = 256, n = 3; Fig. 7D,H) . Upon addition of Tunicamycin (100 μM), however, there was an overall increase in the percentage of CSMN that contained high levels of PERK (CSMN, 73 ± 3%; n = 146 neurons; n = 4 mice; other neurons, 48 ± 5%, n = 120 neurons, n = 3; P < 0.005; Fig. 7E,G) and PDI (CSMN, 54 ± 5%, n = 140 neurons, n = 3; other neurons, 31 ± 6%, n = 120 neurons, n = 3; P < 0.05; Fig. 7F,H) , and significant differences between CSMN and other cortical neurons were present (Fig. 7G,H) .
Addition of Bortezomib (100 nM) increased the presence of PERK and PDI in general, but the percentage of CSMN with PERK (70 ± 2%, n = 167 neurons, n = 4) was significantly higher than other cortical neurons (48 ± 6%, n = 156 neurons, n = 4, P < 0.0001; Fig. 7E,G) . Similarly, there was a significant difference between the percentages of CSMN with PDI (47 ± 2%, n = 181 neurons, n = 3) and other neurons (36 ± 2%, n = 141 neurons, n = 3, P < 0.001; Fig. 7F,H) . In previous studies, increases in the total levels of PERK and PDI were detected as early as 3 h (Tsaytler et al. 2011) . Our current results revealed that, in the presence of increased ER stress, CSMN displayed a selective and profound increase of both PERK and PDI.
Unlike WT CSMN, CSMN of UCHL1 −/− mice had intrinsically high levels of total PERK (60 ± 5%, n = 113 neurons, n = 4) and PDI (59 ± 4%, n = 117 neurons, n = 4). This could explain their Quantitative analyses of percent PERK (E) and percent PDI (F) expression in Ctip2 + neurons within the layer V of the motor cortex show progressively increasing ER stress in CSMN of UCHL1 −/− mice, which becomes significant by P65. Bar graphs represent mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001; one-way ANOVA with post hoc Tukey's multiple comparison test. Scale bars, (A and B) 100 μm (low magnification) and 25 μm (high magnification), and (C and D) 10 μm.
immediate death upon treatment with Tunicamycin and Bortezomib, and our inability to establish reliable cultures (data not shown). However, other cortical neurons of UCHL1 −/− mice had similar levels of PERK (25 ± 1%, n = 236 neurons, n = 3) and PDI (19 ± 5%, n = 245 neurons, n = 3) that are comparable with WT neurons. Addition of Guanabenz (100 μM) significantly reduced the percentage of CSMN with PERK (40 ± 1%, n = 132 neurons, n = 2, P < 0.05) and PDI (37 ± 1%, n = 143 neurons, n = 2, P < 0.05) within 9 h, but other cortical neurons of UCHL1 −/− mice were not affected (PERK; 19 ± 1%, n = 192 neurons, n = 2, P < 0.05 and PDI; 18 ± 3%, n = 180 neurons, n = 2). These results, together with in vivo expression analyses, suggest that CSMN show selective upregulation of ER stress in the absence of UCHL1 function. This could be one of the underlying causes of CSMN vulnerability. To test the link between increased ER stress and CSMN survival, we performed cell death assay (Fig. 8A,B) . Percent survival of CSMN and other cortical neurons of WT mice were similar in control conditions (CSMN, 3 h: 79 ± 2%, n = 283 neurons; 9 h: 75 ± 4%, n = 275 neurons, n = 5; Fig. 8C ). In contrast, upon induction of ER stress, more than half of CSMN were dead in culture within 9 h, whereas other cortical neurons were not affected. The percent survival of cortical neurons did not change in the presence of Tunicamycin (3 h: 74 ± 3%, n = 502 neurons; 9 h: 79 ± 1%, n = 396 neurons, n = 5) or Bortezomib (3 h: 77 ± 1%, n = 459 neurons; 9 h: 84 ± 3%, n = 469 neurons, n = 5). However, CSMN of WT mice showed rapid cellular degeneration in the presence of both Tunicamycin (3 h: 64 ± 5%, n = 308 neurons, P < 0.05; 9 h: 40 ± 6%, n = 214 neurons, n = 5, P < 0.001) and Bortezomib (3 h: 67 ± 7%, n = 335 neurons; 9 h: 40 ± 6%, n = 214 neurons, n = 5, P < 0.01). These results suggested that unlike other cortical neurons, CSMN display a unique vulnerability and undergo cellular degeneration in the presence of increased ER stress.
CSMN of UCHL1 −/− mice displayed significantly low levels of survival in culture (WT: 85 ± 1%, n = 232 neurons; CSMN: 19 ± 3%, n = 62 neurons, n = 2, P < 0.001; Fig. 8A-C) . To test whether reduction in ER stress would improve survival of UCHL1 −/− CSMN, cultures were treated with Guanabenz (100 mM) for 9 h (Fig. 8D ). In the presence of Guanabenz, CSMN survival significantly improved (38 ± 2%, n = 68 neurons, P < 0.05), whereas survival of other cortical neurons was not affected (76 ± 4%, n = 444 neurons, n = 2; Fig. 8D ). These findings show that, in the absence of UCHL1 function, CSMN display selective cellular degeneration, and that increased ER stress is one of the cellular mechanisms responsible for CSMN vulnerability. (G) Quantitative assessment of PERK expression among CSMN and other cortical neurons that are not CSMN using dissociated cultures isolated from WT and UCHL1
−/− mice, and in the presence of Tunicamycin, Bortezomib, and Guanabenz (100 μM). (H) Quantitative assessment of PDI expression among CSMN and other cortical neurons that are not CSMN using dissociated cultures isolated from WT and UCHL1 −/− mice, and in the presence of Tunicamycin, Bortezomib, and Guanabenz. Bar graphs represent mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001 pair-wise comparisons between control and drug treatments; unpaired t-test.
Discussion
UCHL1 is detected in cortical Lewy bodies and neurofibrillary tangles in patients with amyotrophic lateral sclerosis (ALS), PD, Alzheimer's disease (AD), and frontotemporal dementia (Lowe et al. 1990; Alves-Rodrigues et al. 1998; McNaught et al. 2001; Kersaitis et al. 2006; Gong and Leznik 2007) . Interestingly, reduced UCHL1 levels are reported in PD, AD, and ALS patients (Choi et al. 2004; Lombardino et al. 2005; Barrachina et al. 2006; Lederer et al. 2007) . Two patients with I93M mutation in the UCHL1 gene displayed PD-like symptoms associated with motor dysfunction, stiffness, and tremor (Leroy et al. 1998) , and the importance of UCHL1 in the motor system was reinforced with a recent description of UCHL1 GLU7ALA mutation in 3 patients displaying an early vision loss followed by progressive neurological dysfunction of the pyramidal system, cerebellum, and spinal dorsal columns, severely affecting movement. Muscle strength was grossly normal, but increased deep tendon reflexes with spasticity indicated prominent upper motor neuron degeneration (Bilguvar et al. 2013) . Mice with varied mutations in the Uchl1 gene (i.e., Uchl1 gad mice; Yamazaki et al. 1988; Saigoh et al. 1999 ) and a targeted deletion-generated murine line, Uchl1 tm1Dgen (Chen et al. 2010) , have been described. They all report the lack of UCHL1 protein, but interestingly display varied phenotypes. Our goal is not to compare different lines, but to study the role of UCHL1 in motor neuron biology. Uchl1 nm3419 (UCHL1 −/− ) mice, which lack all UCHL1 function (Walters et al. 2008) , display major motor function defects without significant sensory ataxia. Unlike the Uchl1 gad (Yamazaki et al. 1988; Saigoh et al. 1999) mice, the gracile nucleus is intact in the UCHL1 −/− mice. Even though other lines of UCHL1 could be useful for different studies, UCHL1 −/− mice offer significant advantages over other currently available lines for the investigation of motor neuron circuitry and disease. Most interestingly, UCHL1 −/− mice show similarities to patients with Glu7Ala mutation (Bilguvar et al. 2013) , and display early neurodegeneration, with deficits as early as P40. Pathology in the motor cortex of patients is remarkable and CSMN loss is evident by P65 with pronounced degeneration in the UCHL1 −/− mice. These observations further support the choice of UCHL1 −/− mice to investigate the importance of UCHL1 function for motor neuron biology. Even though CSMN vulnerability has been reported in other mouse models, such as hSOD1 G93A mice (Ozdinler et al. 2011 ) and Prp-TDP-43 A315T mice (Wegorzewska et al. 2009 ), UCHL1 −/− mice stand out by their early, progressive, and profound CSMN degeneration that is in part due to ER stressmediated vulnerability. Interestingly, vacuolation of the apical dendrite and cellular degeneration with spine loss is observed in both UCHL1 −/− and hSOD1 G93A mice, potentially a common mechanism for cellular pathology . CSMN act as a "spokesperson" of the cerebral cortex for the initiation and control of voluntary movement. It is important for CSMN to receive proper input and effective modulation. Since CSMN receive much of their input from layer II/III (Anderson et al. 2010) , apical dendrite degeneration, and spine loss, especially in this layer, would impair their ability to receive proper cortical input (Alstermark and Isa 2012) . Thus, the message sent to the spinal targets would be cryptic and the motor neuron circuitry would be impaired.
There is a developing need for the generation and characterization of novel tools that mimic human pathology at a cellular level. Failures in clinical trials revealed that the focus has to be on the vulnerable neurons, and not on the extension of lifespan in mice (Genc and Ozdinler 2014) . CSMN is of particular Guanabenz at 9 h. Bar graphs represent mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001 pair-wise comparisons between control and compound treatments; unpaired t-test.
importance. Its degeneration is central in various neurodegenerative diseases, especially the ones that involve voluntary movement and motor function defect. Therefore, understanding the reasons behind CSMN vulnerability, and characterization of novel tools with CSMN pathology, would have implications in numerous neurodegenerative disorders, including AD and PD as well as primary lateral sclerosis, hereditary spastic paraplegia, and ALS (Novarino et al. 2014) . Our results suggest a new role for UCHL1 in promoting CSMN health and stability. In the absence of UCHL1 function, CSMN are vastly affected. UCHL1 is previously suggested to mediate cytoarchitectural plasticity by interacting with numerous cellular adhesion complexes, including paxillin, vinculin, and β-catenin (Frisan et al. 2012) . Interestingly, Wnt/β-catenin complex contributes to motor neuron pathology in ALS (Yu et al. 2013 ). UCHL1 has also been reported on the recycling and determining the levels of NCAM (Wobst et al. 2012) , one of the best-characterized components of CST. In addition, in the UCHL1-eGFP mouse, a reporter line that expresses eGFP gene under the UCHL1 promoter (Yasvoina et al. 2013) , eGFP expression was restricted to CSMN in the motor cortex, further implicating an important role of UCHL1 for CSMN.
We find that CSMN are prone to cellular degeneration in the absence of UCHL1 function, and undergo early and progressive cytoarchitectural defects, especially observed with disintegration of apical dendrites. There is early upregulation of ER stress only in the CSMN of UCHL1 −/− mice, and the rate of CSMN survival is proportionally related to increased ER stress. Focusing on the health of vulnerable CSMN would reveal the important information required to develop effective long-term treatment strategies for motor neuron diseases, and diseases in which voluntary movement is impaired.
